The cellular organization of the cortex is of fundamental importance for elucidating the structural principles that underlie its functions. It has been suggested that reconstructing the structure and synaptic wiring of the elementary functional building block of mammalian cortices, the cortical column, might suffice to reverse engineer and simulate the functions of entire cortices. In the vibrissal area of rodent somatosensory cortex, whisker-related "barrel" columns have been referred to as potential cytoarchitectonic equivalents of functional cortical columns. Here, we investigated the structural stereotypy of cortical barrel columns by measuring the 3D neuronal composition of the entire vibrissal area in rat somatosensory cortex and thalamus. We found that the number of neurons per cortical barrel column and thalamic "barreloid" varied substantially within individual animals, increasing by ∼2.5-fold from dorsal to ventral whiskers. As a result, the ratio between whisker-specific thalamic and cortical neurons was remarkably constant. Thus, we hypothesize that the cellular architecture of sensory cortices reflects the degree of similarity in sensory input and not columnar and/or cortical uniformity principles.
The cellular organization of the cortex is of fundamental importance for elucidating the structural principles that underlie its functions. It has been suggested that reconstructing the structure and synaptic wiring of the elementary functional building block of mammalian cortices, the cortical column, might suffice to reverse engineer and simulate the functions of entire cortices. In the vibrissal area of rodent somatosensory cortex, whisker-related "barrel" columns have been referred to as potential cytoarchitectonic equivalents of functional cortical columns. Here, we investigated the structural stereotypy of cortical barrel columns by measuring the 3D neuronal composition of the entire vibrissal area in rat somatosensory cortex and thalamus. We found that the number of neurons per cortical barrel column and thalamic "barreloid" varied substantially within individual animals, increasing by ∼2.5-fold from dorsal to ventral whiskers. As a result, the ratio between whisker-specific thalamic and cortical neurons was remarkably constant. Thus, we hypothesize that the cellular architecture of sensory cortices reflects the degree of similarity in sensory input and not columnar and/or cortical uniformity principles.
soma counts | NeuN | GAD67 | VPM | barrel cortex T wo major concepts of cortical neuronal organization have been proposed. Structurally, correlations between stereologybased measurements (1) of neuron density and cortical thickness resulted in the hypothesis of structural uniformity, arguing that the number of neurons beneath a square millimeter of cortical surface is constant and independent of cortical area and species (2, 3) . Functionally, cortex is organized in a columnar fashion, reflecting similar neuronal activity along the vertical cortex axis in response to peripheral stimuli (4) (5) (6) (7) (8) . Similar spatial extents of functional cortical columns in the horizontal plane, combined with the idea of cortical uniformity, resulted in the notion that a stereotypic columnar network may also represent the elementary structural building block of sensory cortices (9) . In combination, the two concepts thus suggested a common organization of all sensory cortices, which led to reverse engineering and simulation efforts that build up large-scale network models of repeatedly occurring identical cortical circuits (10, 11) .
The ideal model system for investigating columnar structure and function is the vibrissal area of rodent somatosensory cortex. There, "barrels" of neurons in layer 4 (L4) have been identified as somatotopically organized structural correlates of peripheral receptor organs (i.e., facial whiskers). Whisker/barrel columns have thus been regarded as both structural and functional elementary cortical units (12) (13) (14) . To investigate the structural stereotypy of cortical barrel columns, independent of the drawbacks associated with stereology (i.e., extrapolations from small sampling regions), we decided to locate each excitatory and inhibitory neuron soma within the entire volume of interest. Using high-resolution, large-scale confocal microscopy (15) and automated image-processing routines (16), we found that the number of neurons per barrel column increased by ∼2.5-fold from columns that correspond to the dorsal facial whiskers (A-row) to columns corresponding to the ventral whiskers (E-row). Moreover, cortical thickness increased by ∼500 μm from A-to E-rows, resulting in whisker-specific laminar neuron profiles, layer locations, and thicknesses. Further, the distributions of excitatory and inhibitory neurons outside the L4 barrels were indistinguishable between barrel columns, the septa (the cortex separating the barrel columns) (14) and the dysgranular zones (DZ) surrounding the vibrissal cortex (17) .
We performed the same analyses for the ventral posterior medial division (VPM) of rat thalamus, which provides whiskerspecific input to the vibrissal cortex (18) (19) (20) . Again, we found that the number of neurons per whisker (i.e., within so-called "barreloids") (21) was constant within a whisker row, but increased by ∼2.5-fold from the A-to the E-row. Consequently, the ratio between neurons per barrel (column) and respective barreloid was remarkably constant. This whisker-specific cellular organization is in contrast to the ideas of columnar and cortical uniformity, questioning the stereology-based concept that mammalian cortices are composed of stereotypical elementary building blocks.
Results
Across-Animal Variability in Rat Vibrissal Cortex. We measured the number of excitatory and inhibitory neurons within 24 barrel columns (α-δ, A1-E4) and the septa between them in four different rats ( Fig. 1 A, C , and D; SI Appendix, Table S1 ). The average total number of neurons in this large portion of the vibrissal cortex was 529,715 ± 39,104 (mean ± SD). A fraction of 87% of the neurons in the vibrissal cortex were excitatory and 13% inhibitory. Extrapolating L4 barrel boundaries toward the pia and white matter (WM), 81% of all neurons were located within barrel columns and 19% in the septa between them. The total volume of this part of the vibrissal cortex after perfusion and fixation (22) was 6.60 ± 0.58 mm 3 , which is consistent with
Significance
Cortical columns are thought to be the elementary functional building blocks of sensory cortices. Here we show that the cellular architecture of cortical "barrel" columns in rodent somatosensory cortex is not stereotypic, but specific for each whisker on the animals' snout. Our findings challenge the concepts underlying contemporary simulation efforts that build up large-scale network models of repeatedly occurring identical cortical circuits.
previous measurements of the cortex geometry using cytochrome oxidase as a marker to reveal the barrels (6.53 ± 0.75 mm 3 ) (23). The across-animal variabilities in total neuron numbers (SD of mean: 7.4%) and volume (8.8%) were similar. Consequently, the average neuron density across the entire vibrissal cortex was remarkably preserved (80,419 ± 3,688 mm ) regions, respectively. There was no difference between the neuron density in the septa between whisker rows (67,078 ± 4,751 mm
) and in the DZ surrounding the vibrissal cortex (68,236 ± 2,226 anterior medial to the E-row and 66,311 ± 1,084 mm −3 posterior lateral to the A-row; SI Appendix, Fig. S1 ).
Across-Animal Variability in Rat Vibrissal Thalamus. Labeling brain sections with GAD67 did not only reveal the columnar organization of rat vibrissal cortex, as previously reported (24), but also showed the segregation of VPM thalamus into barreloids (Fig.  1B) . Using the same methodology as for the vibrissal cortex, we measured the number of excitatory and inhibitory neurons for the respective 24 barreloids in three different rats (Fig. 1E) . The average total number of neurons in this portion of vibrissal thalamus was 9,963 ± 718. As for the vibrissal cortex, the variability in neuron numbers across animals was small (7.2%). All neurons in VPM thalamus were excitatory (i.e., GAD67 negative). The total volume of this part of vibrissal thalamus (i.e., convex hull around 24 barreloids; Materials and Methods) was 0.19 ± 0.03 mm 3 , resulting in an average neuron density across the entire VPM of 52,494 ± 5,082 mm . Densities in VPM within and above/below barreloids (51,507 ± 4,422 and 54,440 ± 6,559 mm
, respectively) were larger compared with the surrounding thalamic nuclei, with 49,680 ± 1,097 and 41,477 ± 3,612 mm −3 in nucleus reticularis (RT) and posterior medial nucleus (POm), respectively.
Whisker-Specific Laminar Organization. Each detected soma was assigned to its nearest barrel column or to the septum, respectively ( Fig. 2 A and B) . The resultant column/septum-specific 3D distribution of excitatory ( Fig. 2C ) and inhibitory somata ( Fig.  2D ) could thus be analyzed with respect to previously defined cytoarchitectonic layers (20) . Cortical thickness (i.e., pia-WM distance along the respective vertical column axis) (23) increased substantially across the vibrissal cortex, being thinnest at the barrel column corresponding to the α-whisker (1,612 ± 36 μm) and thickest at the E3 whisker representation (2,089 ± 15 μm). The increase in cortical thickness was linear across whisker rows (linear regression: R 2 = 0.99, P = 0.001). Consequently, the density distributions of individual barrel columns were "stretched" along their respective vertical axis, resulting in column-specific depth locations and thicknesses of the respective cytoarchitectonic layers (Fig. 2E, dashed lines) . In contrast, the height of the L4 barrel increased sublinearly (R 2 = 0.9, P = 0.10). Thus, the depth of granular L4 was more constant across the vibrissal cortex than the respective cortical thickness. For example, cortical thickness increased from the A2 (1,760 ± 39 μm) to the E2 column (2,063 ± 50 μm) by 303 μm, and the depth of the L4 peak (Gaussian approximation) shifted by 116 μm (from 647 to 763 μm below the pia surface), whereas the L5/6 peak shifted ∼2.4× more, i.e., by 275 μm (from 1,409 to 1,684 μm).
The density of excitatory and inhibitory neurons within each of the respective layers was remarkably constant across the vibrissal cortex. The average neuron density was 61,603 ± 3,721 mm ) regions, respectively. Because neuron densities within a layer were constant, but layer depths and thicknesses changed across the vibrissal cortex, the numbers of excitatory and inhibitory neurons within cytoarchitectonic layers were highly whisker-specific (SI Appendix, Tables S2-S6 ).
The relative proportions of neurons per layer were, however, virtually identical for all barrel columns. A fraction of 24 ± 1% of all neurons within a barrel column were located within supragranular layers (L1: 0.5 ± 0.1%; L2/3: 23.3 ± 1.1%), 25.2 ± 2.0% in granular L4 and 51 ± 2% in infragranular layers (L5:24.2 ± 0.9%; L6: 26.8 ± 1.2%). The proportion of neurons within the L4 barrel was independent of the respective cortical thickness (Pearson's correlation coefficient: r = 0.02, two-tailed t test: P = 0.93) and significantly correlated with (i.e., predicted) the respective supragranular (r = −0.46, P = 0.02) and infragranular (r = −0.77, P < 10 −4 ) proportions. In contrast, supra-and infragranular proportions were uncorrelated (r = 0.24, P = 0.26). Consequently, the largely preserved vertical extent and depth location of the L4 barrels caused the constant laminar neuronal composition of cortical barrel columns, despite substantial whisker-specific increases in neuron numbers and cortical thickness.
Whisker-Specific Horizontal Organization. We calculated the direction of the gradient within the horizontal plane of the vibrissal cortex (Fig. 3, arrows) for the volume, neuron density, neuron number, and fraction of inhibitory neurons per barrel column, respectively. The horizontal gradient in column volume revealed a "rowish" organization of the vibrissal cortex (23) . Barrel columns within the same whisker row displayed almost identical volumes (Table 1) , whereas the column volume increased in an orderly manner from the A-toward the E-row by a factor of ∼2.5 ( Fig. 3A ; P < 10 −15 , one-way ANOVA). In contrast, average neuron densities did not differ between columns, as indicated by the absence of a horizontal gradient across the vibrissal cortex ( Fig. 3C; P = 0.49, two-tailed t test) . Consequently, the average number of neurons per cortical barrel column followed the gradient in column volume, resulting in relatively constant neuron numbers for columns within the same whisker row (Table 1) and an orderly ∼2.5-fold increase from the A-(10,803 ± 1,275 neurons) toward the E-row (26,914 ± 2,256 neurons) ( Fig. 3B ;
, one-way ANOVA). Fig. 3C (lower right rectangle refers to the septum) indicates a significant drop in neuron density between barrel columns and septa. In contrast, the relative proportion of inhibitory neurons was independent of barrel column identity or septal location ( Fig. 3D ; P = 0.65, two-tailed t test). Moreover, the average 1D profiles in Fig. 2F revealed that the density of inhibitory neurons was nearly identical between columns (10,826 mm ) and septa (9,516 mm −3 ). The distribution of excitatory neurons differed between columns and septa, but differences were limited to L4. There, the density of excitatory cells dropped from barrels to the septum by up to 17%, reflecting a decrease from ∼120,000 to ∼100,000 neurons per cubic millimeter. Fig. 3 E and F further illustrates this finding for the distribution of excitatory and inhibitory neurons within supragranular, granular, and infragranular layers, respectively. A significant separation between columns and septa was only evident for the distribution of excitatory neurons within granular L4 along the whisker arc (i.e., between whisker rows). Consequently, outside the L4 barrel, the cellular organization of excitatory and inhibitory neurons was virtually identical in barrel columns, septa, and the DZ surrounding the vibrissal cortex.
Organization Between Vibrissal Thalamus and Cortex. We also determined the neuron numbers, volumes, and densities of each individual VPM barreloid (Table 1 and Fig. 4 A-C) . The relationship between barreloid volume and neuron density differed from the vibrissal cortex. The neuron density was not constant across VPM, but increased from the E1 toward the A4 barreloid by ∼50%. Conversely, barreloid volume increased in the opposite direction from the A4 toward the E3 barreloid. Consequently, the number of neurons per barreloid was, similar to barrel columns, remarkably constant within a whisker row, increasing in an orderly manner by ∼2.5-fold from the A-(154 ± 53 neurons) toward the E-row (352 ± 43 neurons; P < 10 −10 ). Thus, the ratio between the number of neurons per barrel column and the number of neurons within the respective barreloid was relatively constant (i.e., 68 ± 11). Because the depth locations and heights of the L4 barrels were more preserved than cortical thickness, we calculated the ratios between barrel columns and barreloids for supragranular, granular, and infragranular layers individually (Fig. 4 D-F) . We found that the correlation between neuron numbers in the barreloid and the L4 barrel (R 2 = 0.76) exceeded the ones with the other layers (R 2 = 0.68 for supragranular and R 2 = 0.62 for infragranular layers), reflecting a remarkably constant neuron ratio of 18 ± 3 between each barrel and the respective barreloid (i.e., no significant gradient in neuron ratios, P = 0.14; two-tailed t test).
Discussion
Previous Studies of Cortical Cellular Organization. Several studies have investigated the cellular organization of sensory cortices, including rat vibrissal cortex (2, 3, 22, (24) (25) (26) . Most of these studies were based on stereology, measuring local neuron densities and extrapolating them to larger reference volumes. Our results indicate that such approaches are problematic. First, neuron densities are not uniform, resulting in whisker-specific profiles along the vertical axis. Second, the sizes of the reference volumes (i.e., barrel columns) vary substantially across the vibrissal cortex, resulting in row-specific distributions within the Table 1 . Whisker-specific organization in rat vibrissal cortex (S1) and thalamus (VPM)
Whisker
Volume S1 Neurons S1 Excitatory S1 Inhibitory S1 Volume VPM Neurons VPM Ratio S1/VPM All numbers are mean ± SD (S1: n = 4; VPM: n = 3). Volumes in S1 and VPM are given in cubic millimeters and 10 −2 mm 3 , respectively. *Barreloid Delta and A4 were excluded from the ratio analysis due to difficulties to identify their boundaries.
horizontal plane. Consequently, measuring the detailed 3D geometry of the entire vibrissal cortex, and detecting all neuron somata with respect to this anatomical reference frame, indicates that the variability across animals in neuron numbers and 3D distributions is much smaller compared with previous studies (e.g., ranging from neuron densities of 48,000 to 77,000 per cubic millimeter (25, 26) ). Our automated counts further confirm previous manual (22, 24) and automated (27) counts of NeuN-and GAD67-positive neurons obtained for smaller datasets. Consequently, because neither the definition of a reference volume, nor the assumption of homogeneous neuron distributions within these volumes is required, we argue that our approach can be regarded as a robust alternative to stereology for revealing the cellular organization principles within any brain area of interest.
Cellular Organization Beyond Structural Uniformity. Stereologybased studies gave rise to idea of structural uniformity, suggesting that the number of neurons beneath the cortical surface is constant and independent of cortical area and species. The validity of this principle depends on whether differences in cortical thickness are compensated by changes in neuron densities. Measuring all these quantities directly, we showed that this hypothesis fails (SI Appendix, Fig. S2 ), at least for rat vibrissal cortex, which has been an integral part of the original studies that suggested structural uniformity (2, 3) . Nevertheless, the structural uniformity principle gave rise to concepts about cortical organization in general. Though it is largely undisputed that cortex is subdivided into functional columns of various kinds (for a review, see ref. 28 ), the existence of anatomical counterparts remains controversial. Due to their unique anatomical segregation in L4, cortical barrel columns are usually regarded as potential candidates for such an anatomical equivalent. In combination with the structural uniformity principle, it was even suggested that understanding the structural and functional principles of one average cortical barrel column will serve as a template for understanding all cortical areas (9) . This is arguably not the case. Our results show that neither does structural uniformity apply to rat vibrissal cortex, nor is the cellular organization of barrel columns identical within the same animal.
As an alternative organizational principle to columnar and cortical uniformity, we put forward the following hypothesis: The cellular organization of cortical barrel columns is primarily shaped by the similarity of sensory inputs from whiskers within the same row. For example, the large whiskers (arc 1-4) located in the E-row are closer to the ground and may touch it more frequently and/or are better suited to discriminate between textures than the corresponding whiskers within the A-row. In support of this idea are studies showing that sensory receptor densities around individual whiskers are proportional to the size of the corresponding "barrelettes" in brainstem (29) , as well as to the number of neurons in the corresponding L4 barrel (30) .
Despite substantial whisker-specific differences in total neuron numbers, some important aspects of the cellular composition of cortical barrel columns are highly preserved, e.g., the relative laminar neuronal composition, the fraction of inhibitory neurons, and, most importantly, the neuron ratio between the barrel and the respective barreloid. It remains to be investigated whether these preserved quantities are indicative of common elementary circuits and functions shared by all whiskers (e.g., for object localization), whereas progressively increasing neuron numbers may reflect additional functionalities and/or higher sensitivities depending on the whisker position with respect to the ground (e.g., for texture discrimination).
Conclusion
Using quantitative methods to reconstruct the cellular architecture of the entire rat vibrissal cortex and thalamus, we showed that cortical barrel columns and thalamic barreloids are organized in a whisker-specific manner. Our results are in line with previous hypotheses suggesting that information from the sensory sheet guides the features of cortical maps and that cortex is not constrained to form stereotypic columnar units (31) . In case of rat vibrissal cortex, similar sensory input from whiskers within the same row may be manifested by adding a whisker-specific number of neurons to L4 during development (as reviewed in ref. 32 ; a process that is critically dependent on and guided by VPM input) (33) , on top of a cellular architecture that is otherwise indistinguishable from the surrounding dysgranular cortices. Consequently, our findings argue against the views that cortical barrel columns represent stereotypic anatomical correlates of functional columns and that cortical organization follows a structural uniformity rule. It remains thus to be shown whether large-scale network models, based upon repeatedly occurring identical cortical columns (10), will elucidate general mechanisms that underlie cortical organization and sensory information processing.
Materials and Methods
Sample Preparation. Experimental procedures were conducted in accordance with the German Animal Welfare Act and approved by the Institutional Animal Care and Use Committee of the Max Planck Florida Institute for Neuroscience. Histology was conducted as reported previously (24) . Briefly, Wistar rats (aged 28-29 d) were perfused transcardially, and brains were removed and fixed with paraformaldehyde. For neuron counting in cortex, 43-48 consecutive Vibratome sections of 50 μm thickness were cut tangentially to vibrissal cortex, and for neuron counting in thalamus, 15-18 sections 50 μm thick were cut semicoronally, i.e., approximately tangential to the barreloid field (34). Sections were double-immunolabeled for GAD67 (35) (36) (37) and NeuN (38) .
Image Acquisition. Images were acquired using a prototype confocal laser scanning system (based on Leica Application Suite Advanced Fluorescence SP5; Leica Microsystems) equipped with a glycerol/oil immersion objective (HC PL APO 20×, 0.7 N.A.), a tandem scanning system (Resonance Scanner), Image Processing. NeuN-positive somata were detected in each confocal image stack using a previously described automated counting algorithm (16) . Each detected soma is represented by a 3D position landmark. The accuracy and robustness of the algorithms has been validated against manual counts performed by expert users (16, 24) . For detection of GAD67-positive somata, we modified the previously reported automated algorithms to allow for reliable detection independent of the density of GAD67-positive boutons. The modifications are described in detail in SI Appendix. Note that in columns A1-3 and B2-3 of one animal, uneven staining prevented automatic separation between GAD67-positive and -negative somata in some portions of supragranular and granular layers. Excitatory/inhibitory neuron numbers of A1-3 and B2-3 in S1 (Tables 1; SI Appendix, Tables S3 and S4 ) are thus based on data from three, instead of four, animals.
Section Alignment. Outlines of anatomical structures (i.e., pia, barrels, and WM in cortex, and VPM, barreloids, and RT in thalamus) were manually drawn on median projections of the GAD67 image stacks for each section. Using the blood vessel patterns as reference landmarks, the contours and soma landmarks of adjacent cortical brain sections were aligned manually by rigid transformations using ZIBAmira software (39) , as reported previously (23) . Contours and soma landmarks from thalamic sections were aligned analogously using the outlines of RT and individual barreloids as reference structures.
Cortical and Thalamic 3D Reference Volumes. The 3D reconstruction of cortex geometry was performed as described previously (23) . Briefly, barrel outlines and orientations were reconstructed in 3D from the 2D contours. Barrel columns were reconstructed by extrapolating the L4 barrel outlines along the vertical column axes toward the pia and WM surfaces (compensating for overlapping columns in deep layers) (23) . The border between vibrissal cortex and DZ was defined based on the convex hull around all reconstructed barrel columns. Reference volumes in the DZ were selected manually and, on average, comprised volumes of ∼2.5 mm 3 . Barreloids in VPM thalamus were reconstructed from outlines using 3D Delaunay triangulation. Reference volumes in POm were selected manually and, on average, comprised volumes of ∼0.4 mm 3 .
Neuron Densities and Absolute Neuron Numbers. Soma distributions were scaled to a slice thickness of 50 μm. Each neuron soma was assigned to the closest barrel column/barreloid or to septum, as well as to supragranular, granular, or infragranular cortical layers (i.e., above, within, or below the L4 barrels). Total neuron counts for individual columns/barreloids were obtained by summing up all neuron somata assigned to the same column/ barreloid. Vertical density profiles were computed in 50-μm steps along the respective vertical column axes. Density profiles along the row or arc were obtained by registration to a standardized model of rat vibrissal cortex (23) .
Statistical and Analysis Routines. If not mentioned otherwise, all computations were performed using custom-written software with the Insight Segmentation and Registration Toolkit and Visualization Toolkit libraries in C++ (40) .
